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Abstract 
Recently, magnetoelectric sensors have gained importance in medical applications. Among several sensor types 
microelectromechanical magnetic field sensors are a promising option since they can be manufactured in a very small fashion and 
can operate at room temperature. In this contribution we present a new readout scheme for such sensors that simultaneously uses 
amplitude and phase information of a multitude of mechanical modes of a single sensor. The sensors are based on the delta-E effect. 
All extracted information is optimally combined in order to get a sensor output signal with maximum signal-to-noise ratio (SNR). 
First measurements have shown very promising results. 
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1. Introduction 
To measure low-frequency biomagnetic signals, e.g. those emitted by the human heart, by microelectromechanical 
magnetic field sensors two main approaches have been presented [1, 2, 3]. In recent years both methods reached 
comparable limits of detection (LOD) of a few hundred Ȁξ. Nevertheless, these sensor types suffer from (e.g. 
acoustic) noise which can couple mechanically into the sensor output signal in realistic measurement environments.  
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To guarantee an output signal with optimal SNR in such environments and to enhance the LOD even in non-distorted 
environments, the combination technique presented here can be applied as a more adequate readout scheme. 
2. Delta-E effect sensor principle and measurement setup 
In order to obtain an optimal SNR, as many signals as possible are required that contain the same desired 
information, but whose noise components are mutually uncorrelated. The delta-E approach is inherently suitable, since 
the magnetic detuning of the piezoelectrically driven resonator causes both an amplitude and a phase modulation, 
which can be readout independently and simultaneously [1]. To further increase the number of signals for the 
combination, different mechanical modes of a single sensor are used in parallel, since measurements show no coupling 
between them. 
The measurement setup is depicted in Fig. 1. A voltage signal ݑୣ୶ሺݐሻ  – a superposition of sine waves with 
frequencies of the angular resonance frequencies ߱ୣ୶ሺ௟ሻ of each mode ݈ – is applied to the electrode of the sensor. With 
the help of a wrapped coil a constant magnetic bias field ݔ୓୔ሺ݊ுሻ ൌ ܤ୓୔̱݅୓୔ሺݐሻ is also applied to operate the sensor 
at maximum sensitivity. The sensor is depicted in Fig. 1 and is built as a cantilever 3 mm long, 1 mm wide, and 50 μm 
thick. It is coated with 2 μm soft magnetic amorphous metal (FeCoSiB, easy axis perpendicular to the long axis) on 
the bottom, and 2 μm AlN piezoelectric material on the top.  
Furthermore an arbitrary desired signal ݔୢሺ݊ுሻ ൌ ܾୢሺ݊ୌሻ̱݅ୢሺݐሻ is applied with the help of an additional coil. The 
response of the sensor is given by the resulting current which is converted into a measurable voltage ݑ୫ሺݐሻ with the 
help of a charge amplifier Q, digitalized ݔ୫ሺ݊ுሻ . The sample rate is equal to ൌʹͲͲ . Combining all 
considerations up to this point leads to the following sensor output signal 
 
 ݑ୫ሺݐሻ̱෍ ݑො୫ሺ௟ሻ൫ܾሺݐሻ൯  ቀ߱௘௫ሺ௟ሻݐ ൅߮௘௫ି௠ሺ௟ሻ ൫ܾሺݐሻ൯ቁ
ெ
௟ୀଵ
 , (1) 
 
where ݑො୫ሺ௟ሻሺܾሺݐሻሻ , ߱௘௫ሺ௟ሻ and ߮௘௫ି௠ሺ௟ሻ ሺܾሺݐሻሻ are the amplitude, frequency, and phase of each mode ݈. The amplitude  
ݑො୫ሺ௟ሻሺܾሺݐሻሻ and the phase ߮௘௫ି௠ሺ௟ሻ ൫ܾሺݐሻ൯ are linearly dependent on the measured magnetic flux ܾሺݐሻ. Thus, several 
signals are available that contain the same information and show uncorrelated noise components. The idea is to 
combine these signals and reduce the effect of interference and noise without increasing the number of sensors. 
3. System overview and weight estimation 
An overview of the enhanced readout system is depicted in Fig. 2. First the recorded signal ݔ௠ሺ݊ுሻ is bandpass 
filtered to separate the modes from each other. The amplitude and phase demodulation are performed with the help of 
an I&Q demodulator. Therefore the signals ݏ௘௫ሺ௟ሻሺ݊ுሻ and ܿ௘௫ሺ௟ሻሺ݊ுሻ are phase-shifted by ߨ ʹΤ . To reduce the numerical 
effort, the sampling frequency is reduced to a reasonable frequency - in our case ൌͳ . Furthermore, the 
amplitude of the signal is both amplitude and phase equalized to ensure coherent superposition of the desired signal. 
The mode combination is performed and updated frame based. The demodulated, downsampled, equalized, and 
windowed signals of the individual modes are denoted as ݔ୧୬ሺ௢ሻሺ݇ǡ݉ሻ accordingly. The combination is performed 
Fig. 1: Sensor and setup of measurement used: Measurement setup for the magnetoeleastic effect: An excitation signal ݔ௘௫ሺ݊ுሻ is applied to the 
sensor and the signal ݔ௠ሺ݊ுሻ is measured. The magnetic signals are applied with the help of a coil wrapped around the sensor. 
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linearly by applying the weights ߙୡୠሺ௢ሻሺ݇ሻ of the frame ݇, signal ݋, and ܾܿ א , where  denotes the set of all 
possible combination methods. The enhanced output signal ݔୡୠሺ݊ሻ is the sum of all windowed blocks. 
In the literature several classic combination techniques are well-known for communication [4] and medical 
applications [5]. Two common methods are the Equal-Gain Combiner (EGC) and the Maximum-Ratio Combiner 
(MRC). A further combination techniques can be considered if the variance of the combined signal is minimized under 
the constraint that the desired signal remains the same. The weights calculation equation is equal to the Mimimum-
Variance-Distortionless-Response Beamformer for an ideal impulse response between source and receiver [6] and is 
named Mimimum Variance Distortionless Combination (MVDC) accordingly. A modified MVDC (mMVDC) can be 
derived if additionally the cross-covariance components between mechanical modes are ignored. 
Nevertheless, the covariance matrix or at least the noise powers need be estimated. For this the assumption is made, 
that the desired signal consists of the frequency components lower than ୡ݂ . Thus, the covariance matrix can be 
estimated by using the Parseval theorem and considering all components above ୡ݂ of the short-term Fourier transform 
of the signal ݔ୧୬ሺ௢ሻሺ݇ǡ݉ሻ. 
4. Results 
To evaluate the real-time implementation of the presented scheme as depicted in Fig. 2, initial measurements have 
been performed. The results are shown in Fig. 3 for two scenarios. They differ only by an active and a non-active 
Fig. 3: Variance of combined and classic output signals as a function of the desired magnetic flux density amplitude ෠ܾ, if the amplitude and the 
phase information of two modes are used. The classic output signals are marked as AM or PM and a number, which denotes the amplitude or 
phase modulation, as well as the mode accordingly. As desired signal a sine with the frequency 5 Hz is used. For both presented scenarios the 
combined output signals (except EGC) show an enhanced SNR in comparison to all classic output signals, because the variance is less for low 
values of ෠ܾ and the signal variance is equal for each signal due to the equalization. 
(b) SNR improvement up to 4.5 dB, if a low amplitude, 
narrowband, acoustic noise is present at the first mode. 
(a) SNR improvement of about 1.5 dB if no noise is present. 
Fig. 2: Implemented real-time system: With the help of bandpass filters the modes of the measured signal are separated. Amplitude and phase 
information are extracted by an I&Q demodulator. These signals are down sampled, equalized and windowed. The linear combination is 
performed by estimating and applying the weights ߙୡୠሺ௢ሻሺ݇ሻ frame based. Finally, all signals are summed up for enhanced output signal ݔୡୠሺ݊ሻ.  
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acoustic noise source (piezoelectric loudspeaker) as part of the measurement setup that is shielded against other 
distortions. Compared with the classic amplitude and phase demodulation the presented scheme performs well with 
respect to the big difference between the LODs of the combined input signals. Improvements for the SNR, which is 
directly related to the LOD, of about 1.5 dB for the no-noise case and up to 4.5 dB for the low-noise case are achieved 
if the MVDC or mMVDC are used. 
A measurement over time is depicted in Fig. 4. The presented scheme adapts over time the combination coefficients 
and all classic output signals are combined in such a way that the SNR is optimal. This behavior leads to enhanced 
sensor output signal in comparison to classic readout schemes, like the amplitude and phase demodulation. 
5. Conclusion and outlook 
It has been shown, that an adaptive mode combination of single sensor signals results in a better SNR of the sensor 
signal and the effect of noise coupling is reduced without using more sensors. Thus, the usability in realistic 
environments for biomagnetic measurement, e.g. characterized by acoustic distortions, will be improved by using the 
proposed readout scheme for sensors based on the delta-E effect. Even in non-distorted areas the adaptive readout 
scheme is superior, because the SNR (and the direct related LOD) is increased slightly. 
To improve the performance of the presented readout scheme, the sensitivities of the single output signals will be 
equalized with a new electrode design and the number of input signals will be increased by using more mechanical 
modes. 
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Fig. 4: Time-variant behavior of the presented readout scheme for alternating active and non-active white, acoustic noise source at the first mode. 
The output signal of the best classic readout scheme (AM 1) for the no noise, the output signal of the proposed readout scheme using MVDC, and 
desired output signal as well as the weights of the best classic output are depicted. Noisy periods are marked grey. The algorithm reduces the 
noise coupling in comparison to the classic readout scheme by adaption of the weights of each classic readout signal. 
